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R.  J.  Bourcier  and  D.  A.  Koss 
Department  of  Metallurgical  Engineering 
Michigan  Technological  University 
Houghton,  Michigan  49931  U.S.A. 


As  a  means  of  examining  ductile  fracture  under  multiaxial  stress  and 
strain  states,  the  deformation  and  fracture  between  pairs  of  holes  has  been 
studied  in  a  7075  hi  alloy.  The  test  technique,  which  is  unique,  utilizes 
tensile  samples  each  with  a  pair  of  holes  through  the  thickness.  The  holes 
are  sufficiently  close  (two  hole  diameters  apart)  so  as  to  concentrate  slip 
between  them,  and  the  local  states  of  stress  and  strain  can  be  controlled  by 
the  orientation  of  the  holes  to  the  stress  axis. 

The  influence  of  hole  orientation  on  the  strain  at  fracture  has  been 
determined  in  the  7075  AS,  alloy  in  the  T6  as  well  as  TO  tempers.  Fracture 
occurs  by  flow  localization  between  the  holes  and  very  little  hole  growth 
occurs,  especially  in  the  T6  condition.  Fractography  indicates  a  transition 
in  fracture  appearance  with  hole  orientation  with  dimpled  fracture  predominating, 
but  the  degree  of  shear  fracture  increases  as  the  pair  of  holes  become  more 
inclined  to  the  stress  axis.  A  modification  of  the  Bridgeman  analysis  is  used 
as  a  description  of  the  approximate  state  of  stress  between  the  holes  as  a 
function  of  the  hole  orientation.  The  results  indicate  that  the  criterion  for 


ductile  fracture  depends  on  both  the  state  of  stress  and  the  strain  state,  but 
the  functional  dependence  could  not  be  determined.  The  results  are  also  discussed 


Introduction 


Ductile  fracture  cannot  be  fully  understood  until  its  functional  dependence 
on  stress  as  well  as  strain  states  is  established.  In  recent  years,  many  studies 
have  analyzed  ductile  fracture  on  a  microscopic  scale  using  void  initiation  and 
void  growth  processes  based  on  dislocation  models,  continuum  plasticity  analyses, 
and  experimental  studies  of  soft,  ductile  alloys  (for  reviews,  see  refs.  1-5). 

From  a  macroscopic  standpoint,  the  importance  of  the  hydrostatic  or  mean  stress 
on  ductile  fracture  is  well  established.6'7  However,  there  have  been  relatively 
few  experimental  efforts  to  establish  macroscopic  criteria  for  ductile  fracture 
occurring  under  multiaxial  stress  and  strain  states.8-10  Furthermore,  the  stress 
and  strain  states  should  be  particularly  important  in  influencing  the  fracture  of 
high  strength  alloys.  Such  alloys  typically  exhibit  relatively  low  work  hardening 
rates  and  comparatively  small  strain  rate  sensitivities,  making  them  susceptible 
to  flow  localization  processes  between  voids.  It  is  reasonable  to  expect  that 
such  flow  localization  processes,  while  quite  unlike  those  occurring  in  sheet 
metals,  should  be  nonetheless  sensitive  to  the  stress/strain  states,  thus  affecting 
fracture . 

As  a  means  of  establishing  ductile  fracture  criteria  under  multiaxial  stress 
conditions  and  of  crudely  modeling  void  link-up  in  the  ductile  fracture  of  high 
strength  alloys,  the  present  research  examines  deformation  and  fracture  between 
pairs  of  holes.  The  test  technique,  which  is  unique,  utilizes  tensile  samples 
each  with  a  pair  of  holes  drilled  through  the  thickness.  The  holes  are  suffi¬ 
ciently  close  (two  hole  diameters  apart)  so  as  to  concentrate  slip  between  them, 
and  the  local  strain  components  are  measured  with  the  aid  of  a  square  grid  of 
lines.  The  orientation  of  the  holes  to  the  tensile  axis  can  be  systematically 
varied,  and  thus  the  states  of  stress  and  strain  between  the  holes  may  be  controlled. 
Fracture  of  the  tensile  sample  occurs  when  the  ligament  between  the  holes  fails. 
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A  series  of  tests  as  a  function  of  hole  orientation  therefore  permits  one  to 
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subject  the  material  in  the  ligament  between  the  holes  to  different  stress  states 
and  to  measure  the  state  of  strain  at  fracture.  A  principal  problem  is  to  obtain 
the  state  of  stress  in  the  fully  plastic  ligament  between  the  holes.  In  the 
present  study,  we  deal  with  this  problem  in  an  approximate  manner  by  adopting 
the  Bridgeman  analysis  for  notched  tensile  samples.  This  allows  an  analysis  of 
the  data  in  terms  of  hydrostatic  or  mean  stress/equivalent  strain  criteria  for 
fracture.  The  results  also  contain  implications  regarding  void  link-up,  and 
these  will  be  discussed.  Results  are  presented  for  a  7075  A&  alloy  both  in  the 
T6  and  TO  tempers. 


Experimental 

The  experimental  data  is  obtained  using  a  pair  of  holes  tensile  sample 
shown  in  Fig.  1.  In  this  study,  the  holes  in  Fig.  1  are  0.5mm  diameter,  the 
centers  of  the  holes  are  1.5mm  apart,  and  they  are  drilled  through  a  gage  section 
6.4mm  thick  and  12.8mm  wide.  A  square  grid  of  lines  spaced  V) .4mm  apart  was 
scribed  onto  the  sample  such  that  the  grid  axes  correspond  to  the  x  and  y  axes 
in  Fig.  1.  All  tests  were  performed  at  a  constant  displacement  rate  such  that 
the  nominal  engineering  strain  rate  was  .005  sec-1. 

The  presence  of  the  grids  and  the  initial  dimensions  of  the  section  of 
the  sample  containing  the  holes  permits  an  accurate  determination  of  the  average 
state  of  strain  in  the  ligament  between  the  holes .  In  terms  of  the  axes  in 
Fig.  1,  the  shear  strain  Yxy  can  136  measured  directly  from  the  grid  at  any  time 
prior  to  fracture.  The  normal  strain  components  exx  and  ezz  (see  Fig.  1  for 
definition  of  axes)  are  measured  by  recording  edge  to  edge  spacings  of  the  holes 
along  the  center  to  center  plane  between  the  holes  during  the  test  (which  yields 
Gjyj)  and  by  measuring  the  thickness  of  the  ligament  before  and  after  fracture 
(from  which  ezz  at  fracture  is  determined) .  Macrophotography  is  used  to  determine 
Cjg,.  and  yxy  jirior  to  fracture.  As  expected,  these  strain  components  are  linearly 


dependent  on  tensile  strain.  Therefore  the  state  of  strain  at  fracture  is 
obtained  by  measuring  and  yXy  periodically  as  a  function  of  tensile  strain 
and  extrapolating  a  small  amount  (<1%  strain)  to  the  tensile  fracture  strain 
of  the  specimen.  The  third  normal  strain  component  in  the  plane  of  the  fracture, 
£yy,  is  then  calculated  by  assuming  constant  volume. 

The  material  used  in  this  study  was  a  7075  Ail  alloy  (in  wt.  %:  1.60  Cu, 

2.46  Mg,  5.78  Zn,  .26  Fe,  .19  Cr,  and  .10  Si)  obtained  courtesy  of  the  Aluminum 
Corporation  of  America  in  the  form  of  6.4mm  thick  plate.  After  specimen  prepara¬ 
tion  according  to  Fig.  1,  the  samples  were  heat  treated  to  either  the  T6  temper 
(solution- treated  at  465°C  for  three  hours,  water  quenched,  and  aged  at  120°C  for 
twenty-four  hours)  or  a  TO  temper  (425 °C  for  1  hour,  furnace  cool  at  28°C/hr  to 
230°C  plus  6  hours  at  230°C) .  In  both  cases,  the  grain  size  is  approximately 
0.1  mm. 

Experimental  Results 

The  dependence  of  the  tensile  strain  and  the  strain  components  at  the 
point  of  fracture  of  the  ligament  between  the  holes  on  the  hole  orientation  is 
shown  in  Fig.  2  (T6  temper)  and  Fig.  3  (TO  temper).  It  should  be  noted  that  the 
schematic  insert  in  Figs.  2  and  3  depicting  the  sample  is  not  drawn  to  scale  as 
in  reality  the  holes  are  located  =10  hole  diameters  from  the  sides  of  the  gage 
section.  Figs.  2  and  3  clearly  indicate  that  the  strain  components  e^j  at 
fracture  are  strongly  dependent  on  hole  orientation  with  a  transition  occurring 
from  a  state  of  strain  characterized  by  normal  strains  at  0  =  0°  to  predominantly 
a  single  shear  strain  component  y„,  (=  y  )  at  0  =  45°.  The  tensile  strain  to 
fracture  Ef  [based  on  the  central  section  of  the  gage  length,  ^15  hole  diameters 
long,  which  contains  the  holes]  is  also  very  dependent  on  hole  orientation, 
showing  a  minimum  at  0  *  30°  for  both  tempers,  see  Figs.  2  and  3.  This  behavior 
occurs  not  only  in  the  7075  AH  alloy  tested  here,  but  also  in  l.Sun  thick 
Ti-8AJl-lMo-lV  sheet  tested  with  the  pairs  of  holes  sample  configuration. 
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Figure  4  shows  a  profile  of  the  ligament  just  prior  to  macroscopic  fracture. 
Relatively  little  hole  growth  occurs  prior  to  fracture,  especially  in  the  T6 
condition  (note:  Fig.  4  is  of  the  TO  condition  which  failed  more  gradually 
enabling  this  micrograph  to  be  obtained) .  Fig.  4  also  shows  the  formation  of 
voids  between  the  holes  and  suggests  their  link-up  by  a  shear  process.  As  such. 

Fig.  4  is  very  similar  to  the  classic  micrographs  of  Cox  and  Low11  and  Forsythe 
and  Smale12  showing  void  link-up  in  a  4340  steel  and  BSL  64  Ai,  respectively. 
Examination  of  the  fracture  surface  profiles  between  the  holes  in  other  TO  and  T6 
samples  indicate  that  fracture  at  0  <  60°  occurs  on  a  plane  similar  to  that  being 
developed  in  Fig.  4.  This  plane  is  close  to  but  not  identical  with  the  plane 
connecting  the  axes  of  the  holes . 

Fractography ,  as  seen  in  Fig.  5,  indicates  a  transition  in  fracture  appear¬ 
ance  with  hole  orientation.  At  0  *  0°  (i.e.,  holes  oriented  perpendicular  to  the 
stress  axis) ,  the  fracture  surface  is  characterized  by  void  formation  and  coalescence 
typical  of  tensile  fracture.  The  dimples  are  elongated  parallel  to  the  plate 
surface,  and  inclusions,  also  typical  of  7075  AH,  are  seen  in  Fig.  5a.  However, 
beginning  with  the  0  =  15°  samples,  the  fracture  surfaces  also  contain  regions 
of  shear-type  fracture  in  addition  to  the  dimpled  fracture.  An  example  of  this 
mixed  dimpled-shear  fracture  is  shown  in  Fig.  5b  for  the  0  =  30°  sample.  The 
extent  of  the  shear  areas  increases  with  increasing  0  from  about  20%  at  0  *  15° 
to  a  maximum  of  about  40%  of  the  fracture  surface  at  0  «  60°  in  the  T6  sample. 

While  the  0^0°  samples  fail  by  mixed  mode  I  and  mode  II  displacements,  the 
dimples  present  in  the  inclined-hole  fracture  surfaces  are  not  significantly 
elongated  in  the  shear  direction. 


Discussion 


A.  Macroscopic  Considerations 


Any  analysis  of  the  experimental  data  must  recognize  the  multiaxial  nature 
of  both  the  strain  state  and  stress  state.  The  nature  of  the  test  is  such  that, 
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although  the  condition  of  plane  strain  nearly  prevails  in  the  T6  material,  fracture 
between  the  holes  occurs  under  neither  plane  stress  nor,  strictly  speaking,  plane 
strain.  The  equivalent  plastic  strain  in  the  ligament  at  fracture  can  be  calculated 
directly  from  the  experimented,  plastic  strain  components  j  and  is : 

if  {(exx-eyy)  +  ^eyy“ezz^  +  ^ezz_£xx^  +  J  Y^yj  d) 

Determination  of  the  state  of  stress  in  the  ligament  at  fracture  presents  con¬ 
siderably  more  difficulty.  To  do  this,  we  assume  that  the  Bridgeman  analysis6  for  the 
stress  state*  in  a  necked  tensile  specimen  can  be  modified  by  resolving  the  nominal 
axial  stress  aa  on  the  present  test  sample  into  a  shear  stress  component  axy  and  the 
normal  stresses  Oyy  and  cr^.  The  stress  state  in  the  ligament  between  the  holes  can 
be  roughly  estimated  by  taking  into  account  the  reduced  area  of  this  section  and  by 
assuming  that  the  Oyy  component  (oa  cos20)  generates  triaxial  stresses  in  the  ligament 
according  to  the  Bridgeman  analysis.  Assuming  plane  strain,  this  analysis  gives  the 
following  crude  estimate  of  the  normal  stresses  between  a  pair  of  holes  of  radius  R 


and  whose  surfaces  are  spaced  2a  apart  in  a  gage  section  N  wide: 
a xx  >  or*  cos20  In  A 
but  oxx  C  cos20  In  A  +  aa  sin20 

Oyy  =  a*  cos20  [1+fcn  A]  ,  aZz  “  j(Oxx  +  °yy> 

°*y  =  (v-iZose)  aacos0sin0  ^  > 

and  axz  -  ayz  -  0  ,  where  + 


(w-4Roos$)  {  (l  +  — )^ln  [!+■ 


In  the  present  case,  the  pair  of  holes  geometry  is  such  that  a/R  =  2  in  eqns.  2.  The 
avv  component  reflects  the  fact  that,  far  from  the  holes  (y  >>  0),  the  term  (aasin20) 
exists  because  of  the  rotation  of  the  stress  axis.  While  there  is  some  contribution 


to  oxx  between  the  holes  from  this  term,  especially  as  0  -*■  90°,  that  contribution  must 
be  less  than  aasin20  since  >  0  at  x  •  a  and  y  «  0. 

There  is  support  for  the  use  of  eqns.  2  to  describe  roughly  the  stress  state 


between  the  holes.  In  Fig.  6,  the  lower  limit  of  the  present  analysis  (i.e.,  oxx  *  o* 
cos20Hn  A)  is  compared  to  the  specific  plane  strain  case  analyzed  by  Oh  and  KDbo- 
yashi.16  Finite  element  techniques  were  used  to  determine  the  stress-strain  states 

*Clausing  has  modified  Bridgeman' s  original  work,13  but  for  the  circular  configuration 
and  hole  geometry  used  here  the  values  of  0^5  as  determined  by  the  two  analyses 
should  be  within  <  20%  of  each  other. 
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between  an  array  of  holes  at  0  *  45°  for  holes  spaced  4  hole  diameters  apart  in 
which  case  the  (W^W-4Rcos0) )  term  is  1.25.  Unfortunately,  no  other  orientations 
were  examined.  The  calculations  for  0  =  45°  predict  the  presence  of  a  shear  band 
connecting  the  two  holes  as  well  as  the  hydrostatic  tension  ratio  graphed  in  Fig.  6. 
This  figure  shows  the  present  analysis  is  in  good  agreement  (<10%)  with  the  ratio 
Of  (Ojqj  +  °yy )/°  calculated  by  (Si  and  Koboyashi  except  near  the  surface  of  the  hole 
where  present  analysis  significantly  underestimates  (^25%)  the  stress  ratio  calcu¬ 
lated  by  Oh  and  Koboyashi.14  Under  these  conditions.  Oh  and  Koboyashi  calculate  the 
average  equivalent  stress  in  the  ligament  5  to  be  5  -  1.30  Oy  (the  yield  stress) 
while  the  present  analysis  predicts  5  =  1.25  ay.  It  is  interesting  to  note  that  both 
analyses  yield  the  same  ( (Oxx  +  OyyJAOAve  ratio  of  0.93.  We  thus  conclude  that  at 
0  =  45°  and  probably  for  0(0$  60°,  eqns.  2  provides  a  reasonable  estimate  of  the 
stress  state  if  0Xx  -  cr*  cos20£n  A. 

Using  the  lower  limit  value  for  Fig.  7  shows  the  functional  dependence  of 

the  average  mean  hydrostatic  stress  (oH  =  j  (0^  +  Oyy  +  azz) )  calculated  for  both 
plane  strain  and  plane  stress  (for  which  0ZZ  =  a*  cos20£n  A)  and  as  a  function  of 
hole  orientation  angle  0.  It  should  be  obvious  from  Fig.  7  that  there  is  not  a 
great  difference  between  the  two  stress  states.  This  is  reassuring  since  the  data, 
particularly  for  the  TO  condition,  indicate  that  the  prevailing  conditions,  while 
close  to  plane  strain,  should  probably  be  between  those  of  plane  strain  and  plane 
stress.  As  one  would  expect,  Fig.  7  indicates  that  decreases  substantially 
with  increasing  values  of  0  although  it  is  likely  that  at  0  =  60°,  the  aasin20  term 
ignored  previously  is  important  and  <jh  is  larger  than  that  in  Fig.  7. 

Having  experimentally  determined  the  state  of  strain  and  crudely  estimated 
the  state  of  stress  between  the  holes  as  a  function  of  orientation,  we  now  turn 
to  the  question  of  a  fracture  criteria.  It  is  reasonable  in  the  present  case  to 
assume  that  ductile  fracture  occurs  in  the  ligament  between  the  holes  at  a  critical 
combination  of  equivalent  plastic  strain  Ef  and  the  hydrostatic  stress  state 
parameter  <jh/0  at  failure  initiation.  Figure  8  shows  the  functional  dependence 


Careful  examination 


of  e^,  ay/a>  as  well  as  the  tensile  strain  to  fracture  e^. 
of  Fig.  8  indicates  that  the  data  does  not  fit  any  obvious  simple  fracture  criteria. 
Clearly  the  data  does  not  fit  either  a  critical  hydrostatic  stress  or  critical 
strain  criteria.  Nor  can  fracture  criteria  based  on  either  a  product: 

a  *  or  the  sum:  Ata^/a)  +  B  to  explain  the  experimental  results. 

Equally  unsuccessful  are  attempts  to  use  the  analysis  of  McClintock1 5' 1 6  for 
fracture  by  hole  growth  and  coalescence  to  explain  the  observed  dependence  of 
fracture  strain  on  hole  orientation.  Thus,  we  conclude  that  there  is  no  apparent 
fracture  criteria  which  adequately  predicts  ductile  fracture  in  the  ligament 
between  the  holes. 

B.  Microscopic  Considerations 

Certain  qualitative  features  of  the  failure  process  in  the  test  sample 
appear  straightforward  and  may  be  significant  with  regard  to  the  microscopic 
aspects  of  ductile  fracture.  In  this  AJl  alloy  which  is  characterized  by  a 
relatively  high  yield  strength  (^520  MPa)  and  low  work  hardening  (dJlna/dJlnE  «  -09), 
fracture  occurs  by  relatively  little  hole  growth,  even  at  0  =  0°  and  especially 
in  the  T6  condition.  This  is  readily  apparent  in  Fig.  4  which  shows  a  sample 
in  the  much  more  ductile  TO  condition  (0^  -  110  MPa  and  dHna/d£.ne  -  .10) .  Some¬ 
what  similar  behavior  has  been  observed  in  the  tensile  testing  of  perforated 
mild  steel  sheet.17  To  the  extent  that  these  tests  model  the  void  link-up 
process  in  ductile  fracture,  this  result  indicates  the  potential  importance  of 
the  link-up  of  voids  by  a  shear  process  involving  flow  localization.  That  ductile 
fracture  occurs  by  the  possible  interventions  of  plastic  instability  before  complete 
homogeneous  growth  and  coalescence  of  holes  has  also  been  well  recognized  by 
others.3'18  However,  there  is  little  direct  experimental  evidence  which  shows 
the  importance  of  shear  in  the  fracture  between  holes . 

The  sequence  of  events  leading  to  failure  is  also  clearly  indicated. 

Fig.  4  indicates  that  voids  form  between  the  holes,  presumably  characterized  by 
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the  dimpled  regions  in  Fig.  5.  Total  separation  of  the  fracture  surface  occurs 
when  the  voids  are  linked  by  a  flow  localization  and  shear  process,  giving  rise 
to  the  shear  fracture  regions  in  Fig.  5.  Relatively  little  macroscopic  strain 
occurs  between  the  initiation  of  the  large  voids  and  their  subsequent  link-up 
by  shear  especially  in  the  T6  condition. 

SUMMARY 

A  test  technique  utilizing  tensile  samples  with  pairs  of  through-thickness 
holes  has  been  described.  This  simple  test  may  be  utilized  to  study  ductile 
fracture  under  a  relatively  broad  combination  of  multiaxial  stress  as  well  as 
strain  states.  The  corresponding  stress  state  in  the  ligament  between  the  holes 
can  be  reasonably  estimated  using  a  modified  Bridgeman  analysis  while  the  state 
of  strain  can  be  determined  experimentally.  Results  from  tests  performed  on  a 
7075  AS,  alloy  indicate  that  fracture  occurs  by  flow  localization  between  the 
pair  of  holes  with  very  little  hole  growth  occurring  prior  to  fracture.  Although 
ductile  fracture  clearly  depends  on  both  the  state  of  stress  as  well  as  the  strain 

state,  attempts  to  establish  a  well  defined  fracture  criteria  were  unsuccessful. 

/ 

The  results  also  suggest  the  importance  of  the  link-up  of  voids  by  a  shear 
localization  process,  as  opposed  to  exclusively  void  growth  and  coalescence,  in 
the  ductile  fracture  of  high  strength  alloys. 
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The  dependence  of  the  strain  components  at  fracture  of  the 
ligament  between  the  holes  and  of  the  tensile  strain  to  frac¬ 
ture  £f  on  hole  orientation  9  for  a  7075  a£.  alloy  in  the  T6 
temper.  The  magnitude  of  £f  is  based  on  the  central  section 
of  the  gauge  length,  M.5  d  long,  containing  the  pair  of  holes. 


Fig.  4.  An  optical  micrograph  showing  the  profile  of  a  sheet  of  voids 
forming  prior  to  fracture  of  the  ligament  between  the  pair  of 
holes  in  a  7075  A?,  alloy  in  the  TO  temper.  The  tensile  axis 
is  vertical. 


The  stress  ratio  (a^  +  Oyy)/(ay  or  a)  as  a  function  of  the 
position  between  a  pair  or  holes  for  the  specific  condition 
illustrated.  The  present  analysis  is  based  on  cr**  =  a*  cos  0 
in  A  with  a*  being  calculated  at  the  yield  stress  of  the  gage 
section  away  from  the  holes  (i.e.,  0a  *  Oy) •  The  Oh  and 
Kobayashi  data14  is  at  10%  strain  in  the  ligament  between  the 
holes  and  is  also  for  7075  AJI/T6. 
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Fig.  7.  The  average  value  of  On/Oy  between  a  pair  of  holes  as  a  function 
of  hole  orientation  for  conditions  of  plane  strain  vs.  plane 
stress.  The  curves  are  calculated  using  the  modified  Bridgeman 
analysis  described  in  the  text  using  the  lower  limit  value  for 
Oxx  And  At  o»  ■  a y.  The  plane  stress  values  are  based  on 

n a  /Tt  mab  'O  On  ft  ii  n  4  rum  D»4  il  i  ■  «i—  m  n  4  n  r.l  a.  4  nan  nk  4  n  f ft.  rm 13 


Ozz  ”  0*  cos  9  in  A,  using  Bridgeman 's  relationship  for  a2E. 
Note  that  (in  A)Ave  *  0.493  for  a/R  “  2. 
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As  a  means  of  examining  ductile  fracture  under  multiaxial  stress  and  strain 
states,  the  deformation  and  fracture  between  pairs  of  holes  has  been 
studied  in  a  7075  Al  alloy.  The  test  technique,  which  is  unique,  utilizes 
tensile  samples  each  with  a  pair  of  holes  through  the  thickness.  The  holes 
are  sufficiently  close  (two  hole  diameters  apart)  so  as  to  concentrate  slip 
between  them,  and  the  local  states  of  stress  and  strain  can  be  controlled 
by  the  orientation  of  the  holes  to  the  stress  axis.  _ (cont'd) 
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20.  Abstract  (continued) 

/ 

The  influence  of  hole  orientation  on  the  strain  at  fracture  has  been 
determined  in  the  7075  a£  alloy  in  the  T6  as  well  as  TO  tempers.  Fracture 
occurs  by  flow  localization  between  the  holes  and  very  little  hole  growth 
occurs,  especially  in  the  T6  condition.  Fractography  indicates  a  transition 
in  fracture  appearance  with  hole  orientation  with  dimpled  fracture  predomina¬ 
ting,  but  the  degree  of  shear  fracture  increases  as  the  pair  of  holes  become 
more  inclined  to  the  stress  axis.  A  modification  of  the  Bridgeman  analysis 
is  used  as  a  description  of  the  approximate  state  of  stress  between  the  holes 
as  a  function  of  the  hole  orientation.  The  results  indicated  that  the 
criterion  for  ductile  fracture  depends  on  both  the  state  of  stress  and  the 
strain  state,  but  the  functional  dependence  could  not  be  determined.  The 
results  are  also  discussed  as  a  crude  model  for  void  coalescence  in  ductile 
fracture . 
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